Abstract An electrical charger, based on a point-toplate DC corona discharge, for the high-efficiency charging of aerosol particles with diameter of a few nanometers, has been designed, constructed, and evaluated. The discharge takes place between a needle and a perforated plate, and the results presented here have shown that this specific design allows reduction of electrostatic losses of charged particles within the charger in comparison with other typical designs. Besides, the small effective volume of the charger leads to a relatively small diffusion loss of particles. As a consequence of the reduced electrostatic and diffusion losses, the extrinsic charging efficiency attainable is higher than in similar devices.
Introduction
Particle charging is a process of the greatest importance to the field of aerosol science and technology. For instance, presently the most reliable method for measuring the particle size distribution of submicron aerosols is by differential mobility analysis, which requires the particles to be charged with a known charge distribution (Flagan 2001 ). Other examples where particle charging is needed are electrical detection of particles, as in smoke detectors; electrostatic precipitation for contamination control (Lawless and Sparks 1988) ; deposition of nanoparticles in selective locations for fabrication of nanostructures (Kim et al. 2006; Lee et al. 2011) ; reduction of the coagulation rate to produce higher concentrations of nanoparticles (Park et al. 2014; Jung et al. 2008); etc. There are several mechanisms by which aerosol particles can acquire a net charge; of these, the two most important for applications are field charging and diffusion charging (Friedlander 2000) . Field charging is only important for large particles, say those with diameter above 1 lm. In the present work, we are interested in nanometer-sized particles, for which diffusion charging is the only relevant mechanism. According to this mechanism, ions diffuse toward the particle surface whereby a process of charge transfer takes place (Endo et al. 1996) . Depending on the polarity of the ions, there are, in turn, two types of diffusion charging: unipolar and bipolar. Bipolar ions can be generated by radioactive sources ( 241 Am, 85 Kr, 210 Po) (Hoppel and Frick 1990) , by DBD (dielectric barrier discharge) (Bourgeois et al. 2009 ), soft X-rays (Shimada et al. 2002) , and UV light (Hontañón and Kruis 2008) . The gas from which ions are generated is usually air; the exact chemical nature of the ions depends fundamentally on the presence of trace compounds and on humidity (Reischl et al. 1996; Alonso et al. 2009 ). The charging efficiency (i.e., fraction of neutral particles which acquire a net charge of either sign) attainable in bipolar chargers is very low, because of recombination of free ions with already charged particles: efficiency of the order of 4 % for 10-nm particles and less than 2 % for particle diameter under 5 nm (Reischl et al. 1996; Alonso et al. 1997) .
The achievement of higher charging efficiencies requires the use of unipolar ions, since in this case already charged particles cannot recombine with ions of opposite polarity. For the same reason, the production of particles with several elementary charges takes place to a much larger extent than in the case of bipolar charging. Thus, while particles with diameter below about 50-60 nm acquire at most a single net charge in a bipolar ionic environment (Flagan 2001) , doubly and triply charged particles are produced in typical corona chargers for particle diameters above 10 and 15 nm, respectively . Depending on the specific application, multiple charging can be advantageous (e.g., electrostatic collection of particle in filters) or disadvantageous (e.g., in differential mobility analysis, where the presence of multiple charges on the particles complicates the data inversion procedure required to infer the particle size distribution from the experimentally measured mobility distribution).
Unipolar ions have traditionally been generated by electric discharge. A relatively recent review on unipolar charging and chargers can be found in (Intra and Tippayawong 2011) . The unipolar chargers developed so far can be divided into two main types according to whether the aerosol particles enter in contact with the discharge electrode or not. In the latter case, usually referred to as Hewitt-type charger (Hewitt 1957) , ions are generated by corona discharge in a separate compartment and migrate toward a charging zone where they diffuse and collide with the aerosol particles. In the other type, which may be termed direct corona charger , all the effective ion-particle collisions take place in the discharge zone. In the direct corona type, the discharge electrode gradually becomes contaminated with deposited particles and has to be cleaned or replaced periodically. In Hewitt-type chargers, with separate regions for ion generation and particle charging, the frequency of electrode replacement is much lower.
However, direct corona chargers have two main advantages over the other type. First, their design is much simpler and, hence, easier and cheaper to fabricate. In the second place, the attainable charging efficiency is generally larger, because in Hewitt-type chargers ions are partially lost by diffusion and selfrepulsion in their way from one zone to the other.
The purpose of the present work is to report the experimental charging efficiencies obtained for an easy-to-make point-to-plate direct corona charger, which has proven to be more efficient than previous devices for particles above 5 nm.
Description of the point-to-plate direct corona charger
A sketch of the charger is shown in Fig. 1 . The two main bodies, denoted as A and B, were made of Teflon. A stainless steel needle electrode, connected to the positive terminal of a DC high voltage source, was inserted into body A. The main body of the needle (a commercial sewing needle) has a diameter of 1.0 mm, and its sharpened tip has a length of 1 mm. A grounded metal plate of thickness T p , and having a central orifice of diameter / p , was inserted into body B. The needle electrode could be screwed into body A in order to vary the distance between the needle tip and the grounded plate. Two metallic tubes with 6 mm ID were used for the entrance of neutral particles (T1) and exit of, at least partially, charged particles (T2).
Grounded plates of different thickness and orifice diameter were employed in the experiments so as to examine their effect on the charging efficiency. In contrast, the diameter / shown in Fig. 1 was kept fixed at a value of 6 mm. The inner volume of the charger, measured from the end of inlet tube T1 down to the grounded metal plate, was approximately 0.45 cm 3 . This particular small volume allows reduction of particle losses by diffusion, as will be discussed below. Each of the chargers differing in the grounded plate dimensions was checked for air tightness; no air leakage could be observed.
As is well known, a central parameter characterizing an electric charger is the nt product, n being the ion number concentration and t the mean aerosol residence time in the charging region. In this work, we have not attempted to estimate the nt product because of the following reasons. In principle, the ion number concentration can be estimated by the expression n ¼ I=eZEA, where I is the total ion current, e the elementary charge, Z the ion mobility, E the electric field strength, and A the area of the collector (grounded) electrode. Although I can be measured with an electrometer connected to the collector electrode (which must be well shielded) in separate experiments, and the mean mobility of positive air ions generated in the corona discharge is known to be around 1.1 cm 2 /Vs from previous experiments (Alguacil and Alonso 2006), estimation of the electric field in the charging region, i.e., near the needle tip, is quite difficult. Also the delimitation of the charging region (in order to calculate its volume and thus the mean aerosol residence time) is problematic because free unattached ions are still present in the exit tube, so that particle charging does not occur only in the region near the needle tip but also further downstream. Indeed, one of the drawbacks of the direct corona design is the difficulty to make a reliable estimation of the nt product.
Experimental procedure for charger performance evaluation
NaCl aerosol particles were continuously generated by an evaporation-condensation method. In this method, clean dry air is pumped through an electric furnace in which a small boat containing the salt has been placed. The air carries the NaCl vapor into a countercurrent concentric heat exchanger operated with water as the cooling fluid. The vapor of salt attains supersaturated conditions and condenses, first into incipient nuclei, and thereafter preferentially onto the nuclei surface, forming small nanoparticles. If the concentration of these nanoparticles is high enough (which, if wished, can be achieved by increasing the furnace temperature) and their residence time in the condenser is sufficiently large (attainable by decreasing the flow rate of air through the furnace), they can further grow in size by coagulation. The aerosol thus generated is polydisperse, i.e., the particle size is distributed, generally according to a lognormal distribution, the geometric mean, and standard deviation of which can be controlled by the furnace temperature and the air flow rate.
The polydisperse NaCl aerosol was electrically charged in a corona charger ) and size-classified with a differential mobility analyzer (DMA, TSI Inc. model NanoDMA). The monodisperse, unipolarly charged particles classified by the DMA were then passed through a neutralizer, consisting in a metallic cylindrical chamber containing two small metal disks coated with 241 Am giving a total activity of 1.8 lCi. The monodisperse particles leaving the neutralizer contained positive, negative, and uncharged particles. The charged fraction was removed by means of an electrostatic precipitator (ESP). The latter was a 10-cm-long, 10-mm ID copper tube with a coaxial wire inside; a sufficiently large potential difference, about 1 kV, was applied between the tube and the wire. In this manner, the aerosol leaving the ESP contained only uncharged monodisperse particles. This was the test aerosol employed to examine the performance evaluation of the direct corona charger described in the preceding section. For a given charger configuration (i.e., for given values of the grounded plate thickness, distance between the needle tip and the grounded plate, and diameter of the orifice drilled in the grounded plate), a given set of operating conditions (i.e., aerosol flow rate through the charger and potential difference applied between the needle tip and the grounded plate), and a specific particle diameter, several parameters were measured. These were intrinsic charging efficiency, e i , which is the number fraction of originally neutral particles which acquire a charge within the charger; particle diffusion loss to the walls of the charger, L' D , defined as the number fraction of neutral particles which diffuse toward the walls and get deposited onto them; particle electrostatic loss, L' E , defined as the number fraction of charged particles which migrate to the wall of the grounded plate orifice driven by the applied electric field; and the extrinsic charging efficiency, e e , which is the number fraction of originally neutral particles which appear at the outlet of the charger carrying at least a unit of charge. Because of particle losses inside the charger, the extrinsic efficiency is always smaller than the intrinsic efficiency. The extrinsic efficiency is the relevant parameter of interest in practice.
In order to measure these parameters, it is necessary to use another electrostatic precipitator (in this work we have used an ESP identical to the one described above), a particle counter (CPC model 3025, TSI Inc.), and an aerosol electrometer. The methodology is standard and the details can be found in Marquard et al. 2006) .
All the measurements were carried out with particle number concentrations below 5 9 10 4 cm -3 , so that possible space charge (self-repulsion) effects are completely absent.
Particle diameter was varied between 4 and 10 nm; aerosol flow rate between 1 and 6 lpm; applied voltage between 2.8 and 3.5 kV; grounded plate thickness of 1 and 2 mm; plate orifice diameter of 3.0, 3.5, and 4.0 mm; and distances between the needle tip and the grounded plate, denoted as G in the legends of the plots below, of 1.0, 0.5, 0, -0.5, and -1.0 mm (a negative distance means that the needle tip penetrated into the orifice of the plate). Figure 2 shows an example of the effect of the corona discharge voltage on the charging efficiencies and the electrostatic loss. This example illustrates the typical trends found in all the measurements. As the applied voltage increases, the intrinsic efficiency (e i ) also increases, that is, a larger number fraction of particles can acquire a charge; at the same time, a larger electric field implies larger electrostatic loss (L' E ). As a consequence of these two opposite effects, the extrinsic efficiency (e e ) passes through a maximum, about 3.2-3.4 kV in this example (still higher voltages resulted in spark-over). Notice that at large corona voltage the intrinsic efficiency is really high, about 80 % of the incoming particles get charged at 3.4 kV; however, about 40 % of the charged particles (32 % of the total population) precipitates electrostatically to the grounded electrode, so that finally only 48 % of the original population of neutral particles leave the device carrying a charge. Figure 3 shows the effect of aerosol flow rate on efficiencies and losses. The results plotted here were obtained for 10-nm particles, for the specific configuration shown in the legend and for the value of the applied voltage which maximizes the extrinsic charging efficiency. This optimum value of the voltage increased steadily with flow rate, and ranged between 2.8 kV for 1 lpm and 3.5 kV for 6 lpm.
Results and discussion
In addition to the three parameters discussed in Fig. 2 , we have also plotted the diffusion loss in Fig. 3 . Diffusion loss, L' D , is quite low, less than 5 % in all the cases. This is a consequence of the small charger volume or, equivalently, of the small mean residence time of the aerosol within the charger. A comparison will be made below between the present charger and a previous one having a much larger volume. Before that, it is interesting to examine the effect of flow rate on the rest of parameters. First, the intrinsic efficiency decreases with increasing flow rate, a result of the decreasing mean residence time of the aerosol in the chamber and, hence, a reduced number of effective collisions between particles and ions. In compensation, electrostatic loss also decreases with increasing flow rate, for the same reason: particles have less available time to reach the wall of the grounded plate. As a result of these combined effects, the extrinsic efficiency does not change much with flow rate. For the remaining of the experimental work, the flow rate was kept fixed at 2 lpm.
Next, experiments for 10-nm particles at a flow rate of 2 lpm were carried out for a grounded plate thickness of 1 mm and a few different values of orifice diameter and needle-to-plate distance. First, for negative distances between needle and plate, that is, for the needle tip entering partially into the plate orifice, the corona discharge was quite unstable and it was very difficult, if not impossible, to obtain reliable and reproducible data. In view of these results, we decided to avoid negative needle-to-plate distances for the rest of the work.
For a given orifice diameter, needle-to-plate distances between 0 and 1 mm led to very similar values of extrinsic charging efficiency, as shown in Table 1 .
Indeed, as seen in the table, although the optimum corona voltage V depends on the orifice diameter as well as on the distance between the needle tip and the grounded plate, the extrinsic efficiency (recall this is the relevant parameter in practice) is much the same for needle-to-plate gaps of 0 and 1 mm. It is also observed that the highest extrinsic efficiency is attained for a plate orifice diameter of 3 mm. (We also did a few measurements with a smaller orifice, 2.5 mm, but, as it occurred with the negative needleto-plate gaps commented on above, the corona discharge was very unstable and no reproducible results could be obtained.)
In a similar subsequent series of experiments, the plate thickness was kept fixed at 2 mm (instead of 1 mm as in Table 1 ). In this case, the maximum extrinsic charging efficiency was obtained for a plate orifice diameter of 3.5 mm (instead of the 3 mm reported in Table 1 ), but the value of this maximum efficiency, 0.47, was slightly smaller than the 0.48 obtained above. In point of fact, one can say that the Fig. 3 Effect of aerosol flow rate on particle losses and charging efficiencies Table 1 Effect of plate orifice diameter (/ p ) and needle-toplate gap (G) for a fixed grounded plate thickness of 1 mm two cases, 1 and 2 mm for the orifice diameter, give the same results because the difference of 1 % (0.47 vs. 0.48) is not significant at all and is well within the expectable measurement error. Again, as with the case of 1-mm plate thickness, the needle-to-plate gap had practically no effect on the maximum attainable value of e e , only that, as before, the optimum corona discharge voltage, i.e., the one resulting in the maximum value of e e , changed as the gap changed. From all the results discussed so far, one may consider the optimum charger to be that with the following geometry: grounded plate thickness = 1 mm; plate orifice diameter = 3 mm; distance from needle tip to grounded plate = 0 mm. As for the flow rate, it has been decided to take 2 lpm as the optimum one although, as observed in Fig. 3 above, flow rates in the range 1.5-3.0 lpm yield very similar results.
In the sequel, the results obtained with this optimum charger will be compared with those of former designs reported in the literature. In the first place, a comparison is made between the diffusion loss of particles in the charger with those obtained for a direct corona charger which differs from the present one in two main aspects (see Alonso et al. 2006 for the detailed description of the former design): the grounded electrode is not a plate but a conical-shaped metal piece, and the charger volume is about four times larger (2.1 vs. 0.45 cm 3 ). Rather than the volume, it is more important to consider the length of the tube surrounding the needle electrode, because particle diffusion loss in a tube increases as 1-exp(-kDL/Q), where k is a constant, D the particle diffusion coefficient, L the tube length, and Q is the aerosol flow rate. Note that diffusion loss in a tube does not depend on the tube radius. In the previous charger , the needle electrode was enclosed within a chamber consisting on a straight tube plus the piece with conical shape mentioned above; in a certain sense, the chamber can be regarded as a tube with variable radius. The length of this ''tube'' was 29 mm, while the tube enclosing the needle in the present design has a length of 15 mm, i.e., almost half. Therefore, one expects smaller diffusion losses in the present design (for fixed particle size and aerosol flow rate). That this is indeed the case is demonstrated by the experimental results plotted in Fig. 4 . Particle diffusion loss in the previous charger, the one with larger volume, is between 2 and 2.5 times higher than in the present design. And this, of course, helps improve the extrinsic charging efficiency.
Other researchers have followed a different approach to reduce diffusion loss (Chen and Pui 2001; Tsai et al. 2010; Chien et al. 2011) , consisting in using an additional stream of clean air (i.e., deprived of particles) to shroud the aerosol. Particle diffusion loss is notably reduced with the use of sheath air, but this approach has certain disadvantages: the design is a bit more complicated and there is a need of an additional pump. Furthermore, the aerosol becomes diluted so that at the charger outlet the particle number concentration is lower than at the entrance. This has to be taken into account if the extrinsic efficiency is expressed, as is usually done, on a particle number concentration basis. The other mechanism of particle loss, electrostatic precipitation, also occurs to a lesser extent in the new design. This is shown in Fig. 5 where, again, the comparison is made with the direct corona charger described in . L' E , the number fraction of charged particles which deposit onto the grounded electrode driven by the applied field, is appreciably lower for the present charger in all the particle size range examined. The geometrical difference between the two compared chargers which is of relevance for electrostatic loss is the shape of the and planar in the new charger. Also, the surface area of the grounded electrode exposed to the aerosol is much larger for the conical electrode, while in the present design this surface is just the inner surface of a ring of diameter / p and thickness T p (see Fig. 1 ). This is possibly the main reason to explain the observed differences.
Finally, a comparison is made between the extrinsic charging efficiency obtained in this work and the efficiencies reported in former investigations. This is shown in Fig. 6 , with all the data of extrinsic charging efficiency given on a particle number concentration basis. The numbers in the legend correspond to the references as noted in the caption. All the chargers compared in this plot are based on corona discharge. Numbers (1), (2), and (3) are sets of data obtained for chargers using sheath air to reduce diffusion losses; (4), (5), and (6) are for chargers with separate corona and charging zones [sheath air was also used in charger (6)]; finally, numbers (7) and (8) are direct corona chargers with a conical grounded electrode. In general, direct corona chargers give efficiencies higher than chargers with separate zones. It is also observed that the use of sheath air is advantageous for particle diameter below about 5-6 nm. For larger particles, between 5-6 and 10 nm, the new design gives better efficiencies.
Notice, however, that in general the extrinsic efficiency is, regardless the specific design, relatively low: for example, presently we are able to impart an electric charge to roughly 50 % of a population of 10-nm particles. For smaller particles, the situation is worse: 14 % for 5 nm and 5 % for 3 nm. And these, corona chargers, are the most efficient among all the types of electric chargers presently used by the aerosol community! (Actually, the ''high-efficiency'' term in the title of this paper must be understood as a shortcut for ''efficiency higher than in the rest of presently available aerosol chargers''). Clearly, new approaches to particle charging are needed if we want to produce charged nanoparticles in large amounts.
Conclusions
An electrical charger based on a point-to-plate corona discharge has been made and evaluated for particle diameter below 10 nm. In spite that its design is very (2003) simple in comparison with other corona chargers, it gives higher charging efficiency for particle size in the range 5-10 nm. For smaller particles, it gives efficiencies slightly lower than those attainable with a multi-wire corona that uses an additional stream of sheath air to reduce particle diffusion losses to the wall.
